We present a simple, rapid procedure for reconstitution ofEscherichia coli RNA polymerase holoenzyme (RNAP) from individual recombinant a, ,B, (', and a7O subunits. Hexahistidine-tagged recombinant a subunit purified by batch-mode metal-ion-affinity chromatography is incubated with crude recombinant 13, 13', and cr70 subunits from inclusion bodies, and the resulting reconstituted recombinant RNAP is purified by batch-mode metal-ion-affinity chromatography. RNAP prepared by this procedure is indistinguishable from RNAP prepared by conventional methods with respect to subunit stoichiometry, a-DNA interaction, catabolite gene activator protein (CAP)-independent transcription, and CAP-dependent transcription. Experiments with a(1-235), an a subunit C-terminal deletion mutant, establish that the procedure is suitable for biochemical screening of subunit lethal mutants.
the pathway a --(a)2 --(a) 29 --(a)2131' -() (a)21(03'u (7) .
E. coli RNAP can be reconstituted in fully functional form starting from individual subunits (8) (9) (10) (11) . Reconstitution from individual recombinant subunits, produced by cloning and high-level overexpression of individual subunit genes, permits construction of mutant RNAP derivatives (12) (13) (14) (15) (16) (17) (18) (19) (20) , including lethal mutant RNAP derivatives (13) (14) (15) (16) (17) . Recombinant reconstitution is an extremely powerful tool for genetic dissection of RNAP structure and function. In the most noteworthy example, recombinant reconstitution of [a(1-235)]RNAP, a lethal mutant RNAP derivative lacking the C-terminal region of a subunit, led to the finding that the C-terminal region of a subunit is involved in promoter recognition and transcription activation (14, 21) .
The conventional procedures for recombinant reconstitution of RNAP suffer from two limitations. (i) The conventional procedures are time-and labor-intensive, requiring pre-reconstitution purification of a, (3, 3' , and oa, and postreconstitution purification of RNAP (four to eight columns; refs. 12, 14, and 22) . (ii) In experiments with mutants of a, the conventional procedures yield mutant-a RNAP preparations containing substantial amounts of contaminating wild-type a (5-30%) (ref. 20 ; KS., A.G., H.T., R.H.E., W. Ross, and R. Gourse, unpublished data). Kashlev et al (23) recently have reported an improvement on the conventional procedures.
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Kashlev et al use a hexahistidine-tagged (' derivative, permitting pre-reconstitution purification of (3' and post-reconstitution purification of RNAP by metal-ion-affinity chromatography (see refs. 24 and 25). However, due to technical difficulties in purification of hexahistidine-tagged (', the procedure of Kashlev et al requires conventional pre-reconstitution purification of a and o' (four columns), requires post-reconstitution conventional further purification of RNAP (one column), and has low yields (0.4 mg of RNAP per liter of bacterial cultures producing a, (, (', and or). In addition, the procedure of Kashlev et al does not address the problem of contamination of mutant-a RNAP derivatives with wild-type a.
In this work, we show that use of a hexahistidine-tagged a derivative permits remarkably efficient recombinant reconstitution of RNAP. The procedure of this report is rapid (1 day; no columns), has high yields (20 mg of RNAP per liter of bacterial cultures producing a, (3, (', and oa), and produces mutant-a RNAP derivatives free from contaminating wildtype a. We show further that RNAP and [a(1-235)]RNAP prepared by the procedure of this report are indistinguishable from RNAP and [a(1-235)]RNAP prepared by conventional methods with respect to subunit stoichiometries, a-DNA interaction, catabolite gene activator protein (CAP)-independent transcription, and CAP-dependent transcription.
Availability of the clones and procedure of this report should facilitate genetic analysis of RNAP structure, transcription initiation, transcription elongation, transcription termination, and transcription regulation.
MATERIALS AND METHODS
Plasmids. A list of plasmids used in this work is presented in Table 1 . Plasmid pHTT7fl-NHa encodes a with an Nterminal hexahistidine tag under control of the bacteriophage T7 gene 10 promoter. Plasmid pHTT7fl-NHa was constructed by replacement of the Xba I-BamHI segment of plasmid pET21a by the Xba I-BamHI rpoA segment of plasmid pREIIa, followed by site-directed mutagenesis (29) to insert a hexahistidine coding sequence between rpoA codons 1 and 2 and to eliminate the EcoRI and HindIII sites from the pET21a multiple cloning site. Plasmid pHTT7fl-CHa encodes a with a C-terminal hexahistidine tag under control of the bacteriophage T7 gene 10 promoter. Plasmid pHTT7fl-CHa was constructed by replacement of the Xba I-BamHI segment of plasmid pET2la by theXba I-BamHI rpoA segment of plasmid pREIIa, followed by site-directed mutagenesis (29) to delete the rpoA stop codon and pET21a multiple cloning site, resulting in fusion of the rpoA gene and the pET2la hexahistidine coding sequence and stop codon, followed by site-directed Plasmids were constructed and maintained in E. coli strain XL1-Blue (Stratagene). For each plasmid, the DNA nucleotide sequence of the entire rpoA or rpoD gene was verified.
Preparation of a, Nondenaturing. E. coli strain BL21(DE3) (Novagen; ref. 30 ) transformed with pHTT7fl-NHa, pHTT7fl-CHa, or pHTT7f1-NHa(1-235) was shaken at 37°C in 5 ml of LB broth (31) plus 200 jig of ampicillin per ml until OD600 = 0.7, induced by addition of isopropyl ,B-D-thiogalactoside to 1 mM, and shaken an additional 3 hr at 37°C. The culture was harvested by centrifugation (16,000 x g; 2 min at 4°C), the cell pellet was resuspended in 0.4 ml of buffer A (20 mM Tris HCl, pH 7.9/500 mM NaCl/5 mM imidazole), cells were lysed by sonication, and the lysate was cleared by centrifugation (16,000 x g; 15 min at 4°C). Hexahistidinetagged a or ca derivative was purified by batch-mode metalion-affinity chromatography. The sample was adsorbed onto 0.2 ml of Ni2+-NTA agarose (Novagen) in buffer A, washed twice with 1 ml of buffer A, washed once with 1.2 ml of buffer A plus 60 mM imidazole, and eluted with 0.6 ml of buffer A plus 500 mM imidazole. Adsorption, washes, and elution were performed in a siliconized 1.7-ml microcentrifuge tube with incubations of 1 min at 4°C with gentle mixing and with removal of supernatants after centrifugation (1500 x g; 1 min at 22°C). The yield was 400-500 ,g, and the purity was >90% [protein estimated by Bradford assay (32); purity estimated by SDS/PAGE]. Samples were stored in aliquots at -80°C.
Preparation of a, Denaturing. Denaturing preparation was performed as described in the preceding section with two modifications: (i) prior to metal-ion-affinity chromatography, the sample volume was adjusted to 1 ml with buffer A, and hexahistidine-tagged a or a derivative was precipitated by addition of (NH4)2SO4 to 60%, collected by centrifugation (16, Preparation of RNAP. Two reconstitution mixtures were prepared. The first reconstitution mixture (2 ml) contained 80 pg (2 nmol) of hexahistidine-tagged a or a derivative (prepared under denaturing conditions), 300 pg (2 nmol) of crude , and 600 ,ug (4 nmol) of crude 13' in buffer B. The second reconstitution mixture (0.2 ml) contained 300 ,ug (4 nmol) of crude a70 in buffer B. (Efficlent reconstitution requires use of purified hexahistidine-tagged a or a derivative and use of freshly prepared crude 13, ', and, o70.) The reconstitution mixtures were dialyzed separately 16 hr at 4°C against two 500-ml changes of buffer C (50 mM Tris*HCI, pH 7.9/200 mM KCi/10 mM MgCl2/10 ,LM ZnCl2/1 mM EDTA/5 mM 2-mercaptoethanol/20% glycerol). Following dialysis, the reconstitution mixtures were combined, incubated 45 min at 30°C, and cleared by centrifugation (16,000 x g; 10 min at 4°C). RNAP or RNAP derivative was purified by batch-mode metal-ionaffinity chromatography. Samples were adsorbed onto 0.1 ml Ni2+-NTA agarose (Qiagen, Chatsworth, CA) in buffer D (50 mM Tris HCI, pH 7.9/0.5 mM EDTA/5% glycerol), washed three times with 1.5 ml of buffer D plus 5 mM imidazole, and eluted in 0.25 ml of buffer D plus 150 mM imidazole. Adsorption, washes, and elution were performed in a siliconized 2.0-mil microcentrifuge tube with incubations of 45 min at 4°C with gentle mixing (15 s for washes) and with removal of supernatants after centrifugation (16,000 x g; 2 min at 4°C).
The yield was -400 ,ug, and the purity was >99%. Samples were concentrated to 50 ,ul by centrifugal ultrafiltration [Centricon-100 filter units (Amicon); 1000 x g; 30 min at 4°C], mixed with 50 ,ul of glycerol, and stored at -20°C.
In parallel experiments, RNAP was reconstituted from purified a, 1, 13', and a70 according to conventional methods (22) . DNA Binding Experiments. Electrophoretic mobility shift DNA binding experiments were performed as described in ref. 20 . Experiments were performed using a 19-bp DNA fragment containing a specific DNA site for a (positions -57 to -47 of the rmnB P1 promoter upstream element; 5'-TCAGAAAAI-TATTTTCGGG-3'/5'-CCCGAAAAIAATTTCTGA-3').
Reaction mixtures contained (20 
RESULTS
Preparation of a and c(1-235). Plasmids encoding a subunit with an N-terminal or C-terminal hexahistidine tag under control of the bacteriophage T7 gene 10 promoter were constructed, Using these plasmids, a subunit with an Nterminal or C-terminal hexahistidine tag was overproduced in E. poli to the level of 20-40% of total soluble protein and was purified to near-homogeneity after cell lysis and a single step of batch-mode metal-ion-affinity chromatography (Fig. 1A) . Purification was essentially equally successful under nondenaturing conditions (producing material suitable for studies of a structure and function) and under denaturing conditions (producing material suitable for recombinant reconstitution of RNAP) (Fig. 1A) . Similar results were obtained with a subunit C-terminal-deletion mutant a(1-235) (Fig. 1B) . incubated 45 min at 30eC. The resulting reconstituted recombinant RNAP was purified to homogeneity in a single, step of batch-mode metal-ion-affinity chromatography. The efficiency of reconstitution and post-reconstitution purification was fully 90% (i.e., fully 90% of a added to the reconstitution mixture was recovered in RNAP). The overall yield was 20 mg of RNAP per liter of bacterial cultures producing a, (3, (3', and a7O. RNAP prepared by this procedure was indistinguishable from RNAP reconstituted by conventional methods with respect to subunit stoichiometry, exhibiting an a:f:(3' subunit stoichiometry of 2:1:1 and a or70 saturation of 100% ( Fig. 2A) .
Similar results were obtained in reconstitutions carried out with a subunit C-terminal-deletion mutant a(1-235) (Fig. 2B) .
[a(1-235)]RNAP prepared by this procedure contained no detectable contaminating wild-type a (<<1%; Fig. 2B ).
DNA Binding. The a subunit of RNAP participates in promoter recognition through direct, sequence-specific protein-DNA interaction (21) . The a subunit recognizes an (A+T)-rich DNA site present immediately upstream of the -35 hexamer in certain strong promoters, notably the rrnB P1 promoter (the "upstream element" or "UP"; ref. 21) . The determinants for a-DNA interaction lie within the C-terminal 85 amino acids of a (amino acids 245-329) (21, 26) . Therefore, whereas wild-type a is competent for a-DNA interaction, a(1-235) is not.
To assess DNA binding by hexahistidine-tagged a and hexahistidine-tagged a(1-235), we performed electrophoretic mobility shift DNA binding experiments using a 19-bp DNA fragment containing positions -57 to -47 of the rrnB P1 promoter upstream element. The results are presented in Fig.  3 and Table 2 . Within experimental error, wild-type a, Nterminally hexahistidine-tagged a, and C-terminally hexahistidine-tagged a exhibited identical DNA binding affinities. N-terminally hexahistidine-tagged a(1-235) exhibited no detectable DNA binding affinity.
We conclude that the presence of an N-terminal or Cterminal hexahistidine tag does not impair a-DNA interaction. Consistent with this conclusion, RNAP containing Nterminally or C-terminally hexahistidine-tagged a is essentially indistinguishable from RNAP containing wild-type a with respect to upstream-element-dependent transcription at the rrnB P1 promoter (H.T., K.S., R.H.E., W. Ross, T. Gaal, and R. Gourse, unpublished results).
Transcription. The a subunit of RNAP is the target for transcription activation by CAP at the lac promoter (14, 18, 20, 37, 38) . The determinants for a-CAP interaction are contained within the C-terminal region of a (amino acids 258-265).
Therefore, whereas wild-type RNAP is competent for CAPdependent transcription, [a(1-235)]RNAP is not.
To assess transcription by RNAP containing hexahistidinetagged a and by [a(1-235)]RNAP containing N-terminally hexahistidine-tagged a(1-235), we performed abortive initiation in vitro transcription experiments. We analyzed two promoters: (i) the CAP-independent lacPL8-UVS promoter, and (ii) the CAP-dependent lacP(ICAP) promoter (a derivative of the lac promoter having a consensus DNA site for CAP; see refs. 20, 35, and 38) . The results for CAP-independent transcription at lacPL8-UVS are presented in Fig. 4A . Within experimental error, RNAP containing wild-type a, Nterminally hexahistidine-tagged a, C-terminally hexahistidinetagged a, and N-terminally hexahistidine-tagged a(1-235) exhibited identical, high CAP-independent transcription. The results for CAP-dependent transcription at lacP(ICAP) are presented in Fig. 4B . Within experimental error, RNAP containing wild-type a, N-terminally hexahistidine-tagged a, and C-terminally hexahistidine-tagged a exhibited identical, high CAP-dependent transcription; RNAP containing Nterminally hexahistidine-tagged a(1-235) exhibited almost no CAP-dependent transcription (<l% wild-type).
We conclude that reconstitution according to the procedure of this report is successful and that the presence of an N-terminal or C-terminal hexahistidine tag impairs neither CAP-independent nor CAP-dependent transcription. The procedure of this report has no column chromatography steps. This has three consequences. (i) The procedure is less time-and labor-intensive. (ii) The procedure permits parallel processing of multiple samples (e.g., multiple mutants)-a critical advantage for biochemical screening of RNAP subunit mutants. (iii) The procedure readily can be scaled up for production of multimilligram or gram quantities of reconstituted recombinant RNAP and RNAP derivatives-a critical advantage for structural studies of RNAP (K.S., R.H.E., and Seth Darst, unpublished data).
In terms of RNAP structure and function, our results with N-terminally and C-terminally hexahistidine-tagged a subunits indicate that the N and C termini of a subunit are nonessential for CAP-independent transcription at the lacPL8-UV5 promoter and CAP-dependent transcription at the lac promoter and, most likely, are exposed on the surface of RNAP.
We note that eukaryotic RNAP II contains a subunit homologous in sequence, stoichiometry, and assembly function to E. coli RNAP a subunit-i.e., RPB3 (reviewed in refs. [39] [40] [41] [42] . It may be possible to facilitate purification of RNAP II, and even to reconstitute RNAP II, by a strategy analogous to that used here.
